Introduction {#s1}
============

Although immune checkpoint inhibitor (ICI) therapy has revolutionized the management of patients with advanced non-small cell lung cancer (NSCLC)[@R1] and is being investigated in patients with resectable disease,[@R2] a significant proportion of patients fail to demonstrate clinically significant responses to therapy. As no therapeutic adjunct that may be used reliably to enhance response to these agents has yet been developed,[@R1] identification of targetable pathways of tumor immunoevasion is of immediate clinical interest.

An elevated pretreatment neutrophil-to-lymphocyte ratio (NLR) has been consistently identified as an adverse prognostic indicator in patients with solid tumors,[@R3] and accruing data attest to its ability to predict diminished therapeutic response to ICIs.[@R4] However, the biological underpinnings of its utility as a prognostic and possible predictive biomarker are unclear,[@R3] and whether the association of poor outcomes with elevated NLR reflects the immunological consequences of circulating neutrophil expansion or relative lymphocyte depletion remains undefined. Elucidation of the basis of this link with poor clinical outcomes might therefore permit investigation of novel targeted therapies. Neutrophils are abundant both in circulation[@R6] and in the NSCLC tumor microenvironment[@R7] and can expand systemically in response to local inflammatory changes within tumors.[@R8] Moreover, neutrophils may exhibit local tumor immunosuppressive functions[@R10] and contribute to metastatic spread.[@R11] However, despite these mechanistic studies supporting an immunosuppressive and protumorigenic role of neutrophils, direct clinical evidence of an association between neutrophil expansion and impaired antitumor immunity in patients with NSCLC is limited.

In this study, we hypothesized that the reported prognostic significance of elevated NLR reflects immunologic features associated with neutrophil expansion, and that an increased burden of circulating and intratumoral neutrophils is associated with suppression of the antitumor immune response in patients with NSCLC. To that end, we investigated the relationships between circulating and intratumoral neutrophil populations and features of the immune contexture in a prospectively enrolled NSCLC patient cohort (ImmunogenomiC PrOfiling of NSCLC (ICON)) and further analyzed the prognostic significance of neutrophil expansion in a large, historical cohort of patients with NSCLC who underwent primary tumor resection in order to elucidate whether relative circulating neutrophil expansion or lymphocyte depletion is more significantly associated with postoperative prognosis. The results of these analyses demonstrated that neutrophil expansion is associated with increased tumor burden, upregulation of progranulocytic and protumorigenic signaling processes, blunted T-cell-mediated antitumor immunity, and poor postoperative clinical prognosis in patients with resectable NSCLC.

Methods {#s2}
=======

Study design, population, and treatment {#s2-1}
---------------------------------------

Two cohorts were included for analysis. For translational analyses, we included patients in the multifaceted ICON study at the University of Texas MD Anderson Cancer Center (MDACC), which prospectively enrolled patients with clinical stage IA--IIIA NSCLC prior to resection (2016--2018). Patients in the ICON study were eligible for analysis if they had preoperative systemic cytokine and angiogenic factor (CAF) data available, did not receive any neoadjuvant therapy, and had complete blood count data (absolute neutrophil count and absolute lymphocyte count, both quantified as 10^3^ cells/µL) available within ≤30 days preoperatively ([online supplementary figure S1](#SP1){ref-type="supplementary-material"}). This preoperative time threshold was selected because it was used in recent investigation of the use of hematologic indices as predictors of therapeutic response to checkpoint inhibitor therapy.[@R13]
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Second, in order to examine the prognostic significance of circulating neutrophil and lymphocyte populations in a larger cohort with a long duration of postoperative follow-up, we included all patients with clinical stage IA--IIIA NSCLC who underwent resection at our institution between 2000 and 2017. Patients in the historical MDACC cohort were included if they had not received neoadjuvant therapy and had complete blood count data available within ≤30 days preoperatively ([online supplementary figure S2](#SP1){ref-type="supplementary-material"}).[@R13] For a subset of these patients (n=661/1524, 43%), postoperative complete blood count data (30--180 days postoperatively) were also available. For both cohorts, all tumors were staged according to the seventh edition of the American Joint Committee on Cancer's staging system.[@R14]

Systemic cytokine, chemokine, and angiogenic factor analysis {#s2-2}
------------------------------------------------------------

From consented ICON patients, preoperative blood samples were collected and plasma was separated and stored at −80°C until analysis. For cytokines, chemokines, and angiogenic factors (CAF) analysis, plasma samples were processed and analyzed using multiplexed magnetic bead-based assays (EMD Bioscience Research Reagents, Temecula, CA, USA) as previously published.[@R15] For all CAF analysis, duplicate samples were analyzed and the mean was reported and used in biomarker analysis. The CAFs included sCD40L, EGF, Eotaxin/CCL11, FGF-2, Flt-3 ligand, Fractalkine, G-CSF, GM-CSF, GRO, IFN-α2, IFN-γ, IL-1α, IL-1β, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, MCP-1, MCP-3, MDC (CCL22), MIP-1α, MIP-1β, TGF-α, TNF-α, TNF-β, VEGF (MilliporeSigma, Burlington, MA, USA) and sBTLA, sGITR, sHVEM, sIDO, sLAG-3, sPD-1, sPD-L1, sPD-L2, sTim-3, sCD28, sCD80, s4-1BB, sCD27, and sCTLA-4 (ProcartalPlex; ThermoFisher Scientific, Waltham, MA, USA). Analytes that did not pass quality control were disregarded and excluded from analysis. Pairwise correlations between individual CAF analytes and blood count data (neutrophils and lymphocytes) were analyzed using Spearman's correlations, with a false-discovery rate (FDR) threshold of 0.20. Significant correlations with CAF analytes that did not represent deviation from the normal range for the entire cohort were disregarded.

Transcriptomic analysis {#s2-3}
-----------------------

RNA sequencing was performed using the NuGEN Ovation RNA-Seq FFPE System v2 (NuGEN, San Carlos, CA, USA) protocol according to manufacturers' instructions. Purified double-stranded cDNA (dscDNA) was generated from 150 ng RNA from fresh frozen tumor specimens and was amplified using both 3′ poly(A) selection and random priming. If the dscDNA products were significantly larger than 200 base pairs, shearing was performed in order to optimize sample insert size. Samples were quantified using the NanoDrop ND-3300 spectrophotometer and Invitrogen Quant-iT picogreen DNA quantitation assay (both ThermoFisher Scientific). Then 150 ng of each sample was sheared using the Covaris E220 focused ultrasonicator following the Covaris DNA shearing protocol to obtain final library insert size of 150--200 bp (both Covaris, Woburn, MA, USA). The fragment sizes were confirmed using Agilent Bioanalyzer High Sensitivity DNA chip (Agilent, Santa Clara, CA, USA) to verify proper shearing. A double-stranded DNA library was created using 100 ng of sheared, dscDNA, preparing the fragments for hybridization onto a flowcell. This was achieved by creating blunt ended fragments and ligating unique adapters to the ends. The ligated products were amplified using 8 cycles of PCR and the resulting libraries were assessed using the Agilent Bioanalyzer High Sensitivity DNA chip to determine successful library construction. A qPCR quantitation was performed on each library to determine the concentration of adapter ligated fragments using an Eppendorf eMotion Real-Time PCR Detection System (Eppendorf, Hauppauge, NY, USA) and a KAPA Library Quant Kit (Kapa Biosystems, Wilmington, MA, USA). Libraries were pooled in equimolar amounts based on the qPCR quantification; a qPCR was run on the pooled libraries to determine the concentration of the pool for bridge amplification. Using the concentration from the Eppendorf qPCR instrument, 15pM of the library pool was loaded onto a flowcell and amplified by bridge amplification using the Illumina cBot instrument (Illumina, San Diego, CA, USA). A paired-end 76-cycle run was used to sequence the flowcell on a HiSeq 2000 or 2500 Sequencing System (Illumina).

Transcriptome reads were mapped to the reference human genome hg19, and then normalized and quantified as counts using HTSeq-count (HTSeq).[@R17] The counts were used to prepare inputs for further analysis by other computational tools. The neutrophil cell populations in the tumors were quantified as an abundance score by MCP counter[@R18] using the transcriptomic markers of neutrophils (*CA4*, *CEACAM3*, *CXCR1*, *CXCR2*, *CYP4F3*, *FCGR3B*, *HAL*, *KCNJ15*, *MEGF9*, *SLC25A37*, *STEAP4*, *TECPR2*, *TLE3*, *TNFRSF10C*, *VNN3*).[@R18] The activity of the interferon-γ response within the tumor was quantified as a score using the Tumor Immune Dysfunction and Exclusion tool (tide.dfci.harvard.edu)[@R20] using the expression levels of *IFNG*, *STAT1*, *IDO1*, *CXCL10*, *CXCL9*, and *HLA-DRA*. The set of genes represent a known IFNγ signature associated with response to anti-PD-1 blockade.[@R21]

The *limma* R package (function: *voom*())[@R22] was used to identify genes differentially expressed (p\<0.05, ≥ log~2~(1.1) \[fold-change ≥10%\] gene expression) between tumors with the highest (n=15) and lowest (n=15) intratumoral neutrophil abundance scores. Gene set enrichment analysis[@R23] was used to find pathways and hallmark gene sets (within the five databases Canonical Pathways, KEGG, BIOCARTA, PID, and REACTOME) enriched in the set of upregulated and downregulated genes. Transcriptomic data were available for 43 patients in the present study.

Whole-exome sequencing {#s2-4}
----------------------

DNA was extracted from frozen tumor tissue using the QIAamp DNA Mini kit (Qiagen) according to the manufacturer's instructions. Exome capture was performed on 200 ng of genomic DNA per sample based on KAPA library prep (Kapa Biosystems) using the Agilent SurSelect Human All Exon V4 kit according to the manufacturer's instructions, and paired-end multiplex sequencing of samples was performed on the HiSeq 2500 sequencing platform (Illumina). Blood was used as a normal control. The BWA aligner (bwa-0.7.5a) was applied to map the raw reads to the human hg19 reference genome (UCSC Genome Browser: genome.UCSC.edu).[@R25] Duplicate reads were marked using the Picard (V.1.112, <http://broadinstitute.github.io/picard/>) "MarkDuplicates" module. The Genome Analysis Toolkit (modules "IndelRealigner" and "BaseRecalibrator") was applied to perform insertion/deletion (indel) realignment and base quality recalibration. MuTect and Pindel were applied to each tumor and its matching normal tissue sample to detect somatic single nucleotide variants (SNVs) and small indels.[@R26] To ensure specificity, the following criteria were applied to filter the detected somatic SNVs and indels: coverage of ≥20 reads for tumor and ≥10 for normal control; total number of reads supporting the variant ≥4; MuTect LOD (log odds) score ≥6.3. The allele frequency from the normal sample was less than 0.01%. A population frequency threshold of 1% was used to filter out common variants in the databases of 1000 Genome Project, Exome Aggregation Consortium, and ESP6500. If repetitive sequences were detected within 25 base pairs in the downstream regions of an indel, that indel was discarded. Tumor mutational burden (TMB) was quantified as the total number of non-synonymous mutations per megabase (mut/Mb). TMB was available for 43 ICON patients in this study.

Multiplex immunofluorescence {#s2-5}
----------------------------

Multiplex immunofluorescence analysis was performed using methods that have been previously described and validated.[@R28] Briefly, 4-µm-thick formalin-fixed, paraffin-embedded (FFPE) tumor sections were stained using an automated staining system (BOND-MAX; Leica Microsystems, Wetzlar, Germany) using antibodies against cytokeratin AE1/AE3 (dilution 1:300), PD-L1 (dilution 1:3000), CD3 (dilution 1:100), CD8 (dilution 1:300), and CD68 (dilution 1:450) (all antibodies: Opal 7 kit, catalog no. NEL797001KT; PerkinElmer, Waltham, MA, USA).[@R28] Stained slides were scanned using the Vectra V.3.0 imaging system (PerkinElmer) using fluorescence intervals of 10 λ nm from 420 to 720 nm with normal human tonsil tissue as a calibration control.[@R28] After scanning, five fields (each 0.3345 mm^2^) were selected within the tumor using the phenochart 1.0.4 viewer (PerkinElmer). A trained pathologist supervised quantification of immune cell densities using InForm image analysis software (PerkinElmer). Marker colocalization was used to identify populations of T lymphocytes (CD3^+^), cytotoxic T lymphocytes (CD3^+^CD8^+^), antigen-experienced T lymphocytes (CD3^+^CD8^+^PD-1^+^), macrophages (CD68^+^), macrophages expressing PD-L1 (CD68^+^PD-L1^+^), malignant cells (MCs, AE1/AE3^+^), and MCs expressing PD-L1 (MCsPD-L1^+^, AE1/AE^+^PD-L1^+^) in the tumor (epithelial nests) and stromal compartment. Densities of each colocalized cell population were quantified as the average number of cells per square millimeter.[@R28] Multiplex immunofluorescence data were available for 43 ICON patients in the present study.

Flow cytometry {#s2-6}
--------------

Fresh tumor tissue was disaggregated using the BD Medimachine System (BD Biosciences) to generate a single cell suspension for subsequent flow cytometry staining. Surface staining was performed in 1× DPBS with 1% bovine serum albumin for 30 min on ice using fluorochrome-conjugated monoclonal antibodies against CD3 (PE-Cy7, Clone UCHT1, Cat. No. 563423; BD Biosciences), CD8 (APC-Cy7, Clone RPA-T8, Cat. No. 557760; BD Biosciences), and TIM3 (APC, Clone F38-2E2 Cat. No. 17-3109-42; eBioscience). Following surface staining, cells were fixed and permeabilized using the BD Cytofix/Cytoperm solution (Cat. No. 554722; BD Biosciences) according to manufacturer's instructions, and intracellular staining performed in BD Perm/Wash buffer (554723; BD Bioscences) using Perforin (FITC, Clone dG9, Cat. No. 11-9994-42; eBioscience), Granzyme B (V450, Clone GB11, Cat. No. 561151; BD Biosciences), and Interferon-γ (PE, Clone B27, Cat. No. 559327; BD Bioscences) anti-human antibodies. Samples were acquired using the BD FACSCanto II and analyzed using FlowJo Software V.10.5.3 (Tree Star). Dead cells were stained using AQUA Live/Dead fixable dye (Cat. No. L34957; Invitrogen) and excluded from the analysis. A representative dot plot of the flow gating strategy is provided in [online supplementary figure S3](#SP1){ref-type="supplementary-material"}. Flow cytometric data were available for a subset of ICON patients (n=19).

T-Cell receptor sequencing {#s2-7}
--------------------------

Sequencing of the CDR3 region of the T-cell receptor (TCR) β chain was performed using the ImmunoSEQ Assay (Adaptive Biotechnologies, Seattle, WA, USA) according to methods that have been previously described.[@R29] DNA was extracted from freshly resected tumor tissues; following DNA amplification and sequence filtering, TCR clonality, TCR richness, and T-cell density were quantified for each tumor.[@R29] Analysis was performed using the Analyzer platform (Adaptive Biotechnologies). TCR sequencing data were available for 43 ICON patients included in the present study.

Outcome definitions and statistical analyses {#s2-8}
--------------------------------------------

Pairwise associations between continuous variables were analyzed using Spearman's correlations. Associations between tumor neutrophil populations, variables defined a priori to be of interest (histology, PD-L1 expression, TMB, and tumor size), and CD3^+^CD8^+^ cell densities in the tumor and stromal compartments were analyzed using multivariable linear regression; model fitting was guided by Akaike's Information Criterion (AIC).[@R32] Multivariable linear regression analyses of the associations between circulating neutrophil populations and tumor size, pathologic stage, sex, histology, and smoking status were performed using the same model fitting criteria. Overall survival (OS) was defined as the time from tumor resection until death; patients alive at the end of the study period were censored at the date of last follow-up. Recurrence-free survival (RFS) was defined as the time from resection until disease recurrence or death; those without an RFS event at the time of analysis were censored. Survival times were estimated using the Kaplan-Meier method and differences between groups were analyzed using the log-rank test. In the historical MDACC cohort, univariable Cox proportional-hazards analyses were performed to examine associations between circulating neutrophil and lymphocyte counts, clinicopathologic and treatment characteristics, and postoperative OS. For categorical variables with multiple (\>2) levels, binning of subgroups with similar OS was performed, when applicable, after visual inspection of Kaplan-Meier survival curves. Multivariable analysis was performed using variables with p value \<0.10 on univariable analysis and those deemed a priori to be of clinical significance (histology and stage), with final model selection guided by minimization of AIC.[@R32] Given the short postoperative follow-up duration (23.9 months, IQR 18.0--28.1 months) and few events (9/66 (14%) deaths; 20/66 (30%) RFS events) at the time of analysis, only exploratory Kaplan-Meier survival analyses were conducted in the ICON cohort. All analyses were performed using R[@R33] and the threshold for statistical significance was defined as a two-tailed p value \<0.05.

Results {#s3}
=======

Characteristics of the patient cohorts included in the present study {#s3-1}
--------------------------------------------------------------------

Of the 150 patients enrolled in the ICON study, 66 patients undergoing primary NSCLC resection met inclusion criteria ([online supplementary figure S1](#SP1){ref-type="supplementary-material"}); the majority of the included patients had adenocarcinoma (47, 71%) and pathologic stage I disease (30, 46%) ([online supplementary table S1](#SP2){ref-type="supplementary-material"}). Because we also sought to investigate whether the burden of circulating neutrophils has prognostic value while controlling for relevant patient, tumor, and treatment characteristics, we further examined a historical cohort of 1524 patients with NSCLC who underwent curative-intent resection at our institution ([online supplementary figure S1](#SP1){ref-type="supplementary-material"}). Similar to the ICON cohort, the majority of patients in the historical MDACC cohort had adenocarcinoma and pathologic stage I tumors ([online supplementary table S2](#SP2){ref-type="supplementary-material"}).
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Circulating neutrophil expansion is associated with increased tumor burden and a proinflammatory systemic cytokine profile in patients with NSCLC {#s3-2}
-------------------------------------------------------------------------------------------------------------------------------------------------

Because prior mechanistic studies demonstrated that tumors directly promote neutrophil expansion,[@R8] we first asked whether circulating neutrophil counts reflect tumor burden in patients with NSCLC. In the ICON cohort, we found that preoperative peripheral neutrophil count was positively correlated with pathologic tumor size ([figure 1A](#F1){ref-type="fig"}, left panel), whereas preoperative absolute peripheral lymphocyte count was not ([online supplementary figure S4A](#SP1){ref-type="supplementary-material"}). We next sought to validate these findings in the historical MDACC cohort, which confirmed the presence of a positive correlation between tumor size and burden of circulating neutrophils ([figure 1A](#F1){ref-type="fig"}, right panel), without a statistically significant association between tumor size and lymphocyte counts ([online supplementary figure S4B](#SP1){ref-type="supplementary-material"}). Further confirming this relationship between increased tumor size and circulating neutrophil expansion, multivariable regression analyses demonstrated independent associations between tumor size and peripheral neutrophil counts in both the ICON (p=0.009, [online supplementary table S3](#SP2){ref-type="supplementary-material"}) and historical MDACC (p\<0.001, [online supplementary table S4](#SP2){ref-type="supplementary-material"}) cohorts after adjusting for sex, histology, stage, and smoking status. Consistent with preclinical work demonstrating that tumor extirpation results in contraction of the neutrophil compartment,[@R8] we identified a reduction in peripheral neutrophil counts from preoperative levels to postoperative levels following lung cancer resection ([online supplementary figure S4C](#SP1){ref-type="supplementary-material"}). The magnitude of this reduction in circulating neutrophil counts was largest among the patients with the greatest neutrophil expansion (top quartile of preoperative neutrophil count, [figure 1B](#F1){ref-type="fig"}, [online supplementary figure S4C](#SP1){ref-type="supplementary-material"}). These results demonstrated that peripheral neutrophil expansion, as quantified by circulating neutrophil counts, is a clinical manifestation of overall tumor burden in patients with NSCLC.

![Circulating neutrophil expansion is associated with increased tumor burden and a proinflammatory systemic cytokine profile in patients with resectable non-small cell lung cancer (NSCLC). (A) Pairwise correlations between pathologic tumor size and circulating neutrophil counts in the ICON (left panel, n=66) and historical MDACC cohort (right panel, n=1524). Values provided are Spearman correlation coefficients. (B) Waterfall plot depicting reduction in circulating neutrophil counts (quantified as percent change from preoperative (≤30 days prior to resection) to postoperative (30--180 days following resection)) following surgical resection of NSCLC tumors among the historical MDACC patients with the highest (top quartile) preoperative neutrophil counts (n=166 of 661 patients with postoperative complete blood counts available). Fold was calculated using log~2~-transformed circulating neutrophil counts for this subset of the historical MDACC cohort (n=166/661); the p value was calculated using a paired t-test. (C) Unsupervised hierarchical clustering of patients in the ICON cohort according to levels of preoperative soluble cytokine and angiogenic factors (CAF) (n=66). Cluster 1 is denoted by the horizontal red bar. (D) Pairwise correlations between preoperative circulating neutrophil counts and levels of soluble CAF analytes (n=66). Values provided are Spearman correlation coefficients. In (A) and (D), absolute circulating neutrophil counts (10^3^ cells/µL) are depicted as log~2~-transformed values. A two-tailed p value \<0.05 was used to determine statistical significance for all analyses. For (C) and (D), CAF analytes that did not meet quality control measures were disregarded and not included in the analyses.](jitc-2019-000405f01){#F1}

Considering this relationship between elevated tumor burden and increased circulating neutrophils, we next investigated whether peripheral neutrophil expansion is indicative of progranulopoietic changes in the systemic inflammatory milieu. Unsupervised clustering analysis identified a distinct subset of patients (cluster 1, [figure 1C](#F1){ref-type="fig"}) with reduced preoperative neutrophil counts and levels of soluble proinflammatory and immunomodulatory factors (IL-1β, IL-2, IL-8, IL-10, IL-13, IL-17A, IL-23, LIF, TNFα) ([figure 1C](#F1){ref-type="fig"}). Next, analysis of pairwise correlations revealed that increased circulating neutrophil burden was positively associated with increased soluble IL-1β, TNFα, and IL-17A, which together contribute to a tumor-instigated signaling pathway that culminates in G-CSF production and neutrophil expansion[@R6] ([figure 1D](#F1){ref-type="fig"}, top row panels). In addition, we identified increased levels of IL-6, which induces neutrophil polarization to a protumorigenic phenotype[@R36] ([figure 1D](#F1){ref-type="fig"}, bottom left panel), and factors consistent with a T~h~2 secretory profile (IL-5, IL-13; [figure 1D](#F1){ref-type="fig"}, bottom center and bottom right panels) among patients with increased circulating neutrophil counts. The magnitude of correlation between circulating neutrophil counts and soluble IL-1β was the greatest of the examined CAF (r=0.392; [figure 1D](#F1){ref-type="fig"}, top left panel). In contrast, absolute lymphocyte count was not associated with statistically significant changes in the levels of any of the examined CAF analytes after accounting for multiple comparisons. We next asked whether the progranuolopoietic and protumorigenic processes associated with neutrophil expansion were also associated with suppression of the local T-cell antitumor response. We found that elevated soluble IL-17A was correlated with increased intratumoral presence of CD8^+^TIM3^+^ cells (r=0.623, p=0.042, [online supplementary figure S5](#SP1){ref-type="supplementary-material"}) and that circulating neutrophils were inversely correlated with intratumoral T-cell density as quantified by TCR sequencing, although the latter association did not reach statistical significance (r=−0.265, p=0.086, [online supplementary figure S6](#SP1){ref-type="supplementary-material"}). Considered together, these results revealed that elevation in circulating neutrophil populations reflects a progranulopoietic systemic inflammatory milieu and pointed toward processes favoring protumorigenic neutrophil polarization and impaired antitumor immunity.

Elevated intratumoral neutrophil burden is associated with a blunted antitumor T-cell response {#s3-3}
----------------------------------------------------------------------------------------------

We next examined whether intratumoral neutrophil burden, rather than signaling via soluble CAF, was associated with aberrations in features of the immune contexture of the tumor microenvironment. Analysis of of genes differentially expressed between tumors with high and low intratumoral neutrophil abundance scores identified downregulation of 274 and upregulation of 96 individual genes among patients with elevated intratumoral neutrophil populations ([figure 2A](#F2){ref-type="fig"}). Mirroring the association between elevated soluble IL-17A and neutrophil expansion in circulation, we also noted upregulation of *RORC*, which regulates IL-17-producing lymphocytes,[@R38] in tumors with the greatest neutrophil burden ([figure 2B](#F2){ref-type="fig"}). We identified reduced expression of *CD3D* ([figure 2C](#F2){ref-type="fig"}, left panel) and *CD247* ([figure 2C](#F2){ref-type="fig"}, right panel), which encode components of the TCR complex (CD3δ and CD3ζ, respectively), among tumors with high intratumoral neutrophil abundances. Elevated intratumoral neutrophil burden was further correlated with decreased expression of markers of cytotoxic T cells (*CD8A* ([figure 2D](#F2){ref-type="fig"}), *CD8B* ([figure 2E](#F2){ref-type="fig"}), *GZMA* ([figure 2F](#F2){ref-type="fig"}, left panel), *GZMB* ([figure 2F](#F2){ref-type="fig"}, right panel)), indicating that neutrophil-rich NSCLC tumors were associated with poor intratumoral T-cell infiltration. Examination of significantly downregulated pathways among tumors with elevated neutrophil populations ([figure 2G](#F2){ref-type="fig"}) suggested impaired innate and adaptive antitumor immunity. Notably, these neutrophil-rich tumors demonstrated downregulation of several pathways associated with T-cell activation and effector functions (*IL-12* and TCR signaling pathways; [figure 2G](#F2){ref-type="fig"}, red text). In aggregate, these results demonstrated that increased intratumoral neutrophil abundance was associated with transcriptomic features of a suppressed antitumor T-cell response in resected NSCLCs.

![Neutrophil-rich non-small cell lung cancer (NSCLC) tumors are marked by transcriptomic features of a diminished antitumor T-cell response (ICON cohort, n=43). (A) Analysis of differentially expressed genes identified downregulation of 274 genes (blue) and upregulation of 96 genes (red) among tumors with the greatest intratumoral neutrophil abundance (n=15/43) vs those with the lowest neutrophil populations (n=15/43). Intratumoral neutrophil population abundance was determined from the expression of neutrophil transcriptomic markers. (B) NSCLCs with high intratumoral neutrophil burden had upregulated expression of *RORC*, a regulator of IL-17-producing lymphocytes. These tumors were also characterized by reduced expression of genes encoding components of the T-cell receptor complex (*CD3D* and *CD247*, C left and right panels), as well as diminished expression of genes associated with cytotoxic T cells (*CD8A*, D; *CD8B*, E; *GZMA* and *GZMB*, F left and right panels). (G) Gene set enrichment analysis identified downregulation of signaling pathways associated with T-cell activation and effector function (red text) among tumors with increased intratumoral neutrophil burden. The 10 most dysregulated pathways according to −log~10~(FDR *q*-value) are shown; all were downregulated. CPM, counts per million. A two-tailed p value \<0.05 was used to determine statistical significance.](jitc-2019-000405f02){#F2}

Noting these findings indicative of reduced cytotoxic T-cell infiltration in neutrophil-rich NSCLC tumors, we sought to validate these results at the protein level by analyzing multiplex immunofluorescence data. Mirroring the relationship between expansion of circulating neutrophils and reduced intratumoral T-cell density, as well as the relationship between increased intratumoral neutrophil burden and reduced expression of cytotoxic T-cell markers, we found that neutrophil-rich NSCLCs had lower densities of CD3^+^ and CD3^+^CD8^+^ cells in both the tumor and stromal compartments ([figure 3A--C](#F3){ref-type="fig"}).

![Increased intratumoral neutrophil burden is associated with impaired T-cell trafficking and IFNγ signaling (ICON cohort, n=43). (A) Increased neutrophil burden was associated with reduced infiltration of CD3^+^ (left panel) and CD3^+^CD8^+^ (right panel) cells in the tumor compartment. Intratumoral neutrophil populations were determined according to transcriptomic signatures, and CD3^+^ and CD3^+^CD8^+^ cell densities were quantified according to multiplex immunofluorescence. (B) Elevated intratumoral neutrophils were associated with reduced CD3^+^ (left panel) and CD3^+^CD8^+^ (right panel) cell densities in the stromal compartment. (C) Representative multiplex immunofluorescence images of two patients with resected pT2N0 adenocarcinoma. Whereas one patient had low tumor expression of a neutrophil transcriptional signature (abundance score −0.335) and high densities of CD3^+^CD8^+^ cells in the tumor (1398.5 cells/mm^2^) and stromal (1719.6 cells/mm^2^) compartments (top panels), the other had a higher intratumoral neutrophil burden (abundance score 0.783) and low densities of CD3^+^CD8^+^ cells (tumor compartment, 1.5 cells/mm^2^; stromal compartment, 13.9 cells/mm^2^) (bottom panels). Left panels are at ×20 magnification; areas outlined in white box are provided in detail in right panels. (D--E) No associations were observed between intratumoral neutrophil burden and CD3^+^ (D) or CD3^+^CD8^+^ (E) cell densities in normal adjacent lung tissue. (F) Elevated intratumoral neutrophil populations were associated with reduced activity of interferon-γ signature genes (*IFNG*, *STAT1*, *IDO1*, *CXCL10*, *CXCL9*, and *HLA-DRA*). Values provided in (A--B) and (D--F) are Spearman correlation coefficients. P values are adjusted for multiple comparisons according to the Benjamini-Hochberg method. A two-tailed p value \<0.05 was used to determine statistical significance.](jitc-2019-000405f03){#F3}

We next examined whether the relationship between increased intratumoral neutrophil populations and diminished cytotoxic T-cell infiltration was independent of relevant tumor pathologic and molecular features. Critically, the associations between increased intratumoral neutrophil burden and reduced CD3^+^CD8^+^ cells persisted after adjustment for tumor size, histology, mutational burden, and PD-L1 expression and was the only feature associated with cytotoxic T-cell densities on multivariable analysis (tumor compartment: p=0.002, [online supplementary table S5](#SP2){ref-type="supplementary-material"}; stromal compartment: p=0.002, [online supplementary table S6](#SP2){ref-type="supplementary-material"}). Interestingly, no relationship was observed between intratumoral neutrophil burden and densities of CD3^+^ or CD3^+^CD8^+^ cells in adjacent normal lung ([figure 3D--E](#F3){ref-type="fig"}), indicating that this neutrophil-associated paucity of T cells was specific to tumor tissue only. We next performed exploratory analyses of intratumoral neutrophil populations according to key oncogenic driver mutations among patients with matched mutation data available and found that no mutation was associated with differences in intratumoral neutrophil populations (*KRAS* (6/39 mutant), p=0.227; *EGFR* (4/39), p=0.333; *STK11* (7/39), p=0.199; *KEAP1* (4/39), p=0.195; *ALK* (5/39), p=0.449).

Finally, because IFNγ signaling plays a critical role in antitumor cytotoxicity[@R40] and has been implicated in clinical response to immune checkpoint inhibitor therapies,[@R21] we analyzed a published signature of IFNγ response genes (*IFNG*, *STAT1*, *IDO1*, *CXCL10*, *CXCL9*, and *HLA-DRA*).[@R21] We identified a strong inverse correlation (r=−0.587, p*\<*0.001) between increased intratumoral neutrophil abundance and intratumoral activity of IFNγ signature genes ([figure 3F](#F3){ref-type="fig"}). Together, these analyses indicated that an increased burden of circulating and intratumoral neutrophils, as well as systemic processes driving reactive granulopoiesis, are associated with a blunted antitumor T-cell response manifested by impaired intratumoral T-cell trafficking and cytotoxicity in patients with resectable NSCLCs.

Elevated preoperative circulating neutrophil count is associated with poor survival following curative-intent NSCLC resection {#s3-4}
-----------------------------------------------------------------------------------------------------------------------------

Finally, to examine whether these systemic and local immunoinflammatory changes are manifested in clinically relevant outcomes, we retrospectively analyzed a cohort of 1524 patients with NSCLC who underwent curative-intent primary resection at our institution. After a median follow-up duration of 60.7 months (IQR 38.3--94.2 months), there were 533 deaths (35%). Median survival time among the entire cohort was 122.1 months (95% CI 119.5 to 135.9 months; 5-year OS 72.7%). Patients with elevated (top quartile) preoperative neutrophil counts had worse postoperative OS than those with low (bottom quartile) preoperative neutrophil counts ([figure 4](#F4){ref-type="fig"}, p\<0.0001), suggesting that patients with increased circulating neutrophils represented a patient subgroup at high risk of poor survival. On multivariable analysis, elevated preoperative neutrophil count remained independently associated with an increased hazard of death (main effect adjusted HR 1.82, 95% CI 1.36 to 2.68, p=0.002, [table 1](#T1){ref-type="table"}), whereas preoperative lymphocyte count (main effect adjusted HR 1.50, 95% CI 0.91 to 2.48, p=0.114, [table 1](#T1){ref-type="table"}) was not. Exploratory survival analyses in the ICON cohort demonstrated that elevated preoperative levels of soluble IL-17A ([figure 5A](#F5){ref-type="fig"}, top and bottom panels), IL-6 ([figure 5B](#F5){ref-type="fig"}, top and bottom panels), and IL-13 ([online supplementary figure S7A and 7B](#SP1){ref-type="supplementary-material"}) were associated with worse postoperative OS and RFS. Considered together, the results of these survival analyses in the historical MDACC and ICON cohorts demonstrated that the proinflammatory and immunosuppressive processes associated with circulating neutrophil expansion are reflected in a clinically significant reduction in postoperative survival outcomes following curative-intent NSCLC resection.

![Prognostic significance of preoperative circulating neutrophil expansion in patients undergoing primary resection of non-small cell lung cancer (n=1524). Patients in the top quartile of preoperative circulating neutrophil counts (Neutrophils~Circulating~^High^, n=381/1524) had worse postoperative overall survival than did those in the bottom quartile (Neutrophils~Circulating~^Low^, n=381/1524). The p value was calculated using a log-rank test; a two-tailed p value \<0.05 was used to determine statistical significance.](jitc-2019-000405f04){#F4}

![Prognostic significance of soluble cytokines associated with neutrophil expansion in patients with non-small cell lung cancer (ICON cohort, n=66). (A) Reduced overall survival (OS, top panel) and recurrence-free survival (RFS, bottom panel) among patients with elevated (top quartile) vs those with lower (bottom quartile) preoperative levels of IL-17A. (B) Reduced OS (top panel) and RFS (bottom panel) among patients with elevated IL-6. P values were calculated using a log-rank test; a two-tailed p value \<0.05 was used to determine statistical significance.](jitc-2019-000405f05){#F5}

###### 

Multivariable Cox proportional-hazards analysis of associations of clinicopathologic and treatment characteristics with postoperative overall survival in the historical MDACC cohort (n=1524)

  Variable                                         HR          95% CI         P value
  ------------------------------------------------ ----------- -------------- ---------
  Neutrophil count, absolute (10^3^ cells/µL)      1.82        1.24 to 2.68   0.002
  Lymphocyte count, absolute (10^3^ cells/µL)      1.50        0.91 to 2.48   0.114
  Age, years                                       1.03        1.02 to 1.04   \<0.001
  Coronary artery disease                          1.30        1.02 to 1.65   0.036
  Hypertension                                     1.22        1.02 to 1.47   0.034
  Smoking                                                                     
   Never                                           Reference                  
   Former/current                                  1.42        1.07 to 1.87   0.014
  Zubrod Performance Status                                                   
   0                                               Reference                  
   1--2                                            1.31        1.09 to 1.58   0.004
  ASA Classification                                                          
   1--3                                            Reference                  
   4                                               2.19        1.18 to 4.06   0.013
  Histology                                                                   
   Adenocarcinoma                                  Reference                  
   Squamous cell carcinoma                         0.99        0.80 to 1.22   0.922
   Other                                           1.19        0.86 to 1.64   0.306
  Differentiation                                                             
   Low                                             1.36        1.12 to 1.65   0.002
   Moderate                                        Reference                  
   High                                            0.55        0.41 to 0.74   \<0.001
  Extent of resection                                                         
   Sublobar/lobectomy                              Reference                  
   Pneumonectomy                                   1.54        1.04 to 2.29   0.031
  Pathologic stage                                                            
   I                                               Reference                  
   II                                              1.74        1.41 to 2.15   \<0.001
   III--IV                                         2.14        1.65 to 2.77   \<0.001
  Pathologic margin                                                           
   R0/R1                                           Reference                  
   R2                                              0.35        0.14 to 0.85   0.021
  Adjuvant radiotherapy                            1.36        1.03 to 1.80   0.029
  Neutrophil count×lymphocyte count, interaction   0.77        0.62 to 0.96   0.021

Other variables tested include diabetes mellitus, congestive heart failure, alcohol use, operative approach (thoracoscopic vs thoracotomy), and adjuvant chemotherapy.

Discussion {#s4}
==========

In this study, we identified associations between circulating neutrophil expansion with disease burden and protumorigenic systemic signaling in a prospectively enrolled cohort of patients who underwent primary NSCLC resection. Increased intratumoral neutrophil burden was more strongly associated with impaired cytotoxic T-cell trafficking than PD-L1 expression, mutational burden, and histology, and was further associated with reduced T lymphocyte cytotoxicity. In addition, by retrospectively analyzing survival outcomes among a large cohort of patients with NSCLC, we found that expansion of the circulating neutrophil compartment was independently associated with poor postoperative overall survival. Together, our results demonstrate that neutrophil expansion reflects protumorigenic and immunosuppressive processes that are clinically manifested as worse overall survival in patients with NSCLC, although additional validations and further mechanistic studies are needed to confirm these findings.

IL-1β signaling induces local inflammatory changes within the tumor microenvironment and is an initiating step in the IL-17A/G-CSF axis that culminates in neutrophil expansion.[@R8] Here, we identified evidence of upregulated soluble IL-1β and IL-17A signaling in patients with NSCLC with expansion of the circulating neutrophil compartment, as well as intratumoral evidence of an increased γδT-cell presence among neutrophil-rich NSCLC tumors. In addition, our demonstration of an association between increased soluble IL-17A and increased intratumoral CD8^+^TIM3^+^ cells is supported by upregulation of TIM3 in IL-17A-overexpressing *KRAS*^Mutant^ mice that were also found to be resistant to anti-PD-1 therapy.[@R43] Our findings invite speculation as to whether concomitant targeting of processes associated with systemic neutrophil expansion and/or intratumoral neutrophil trafficking could be used to enhance the efficacy of cytotoxic or immunotherapeutic agents. Intriguingly, post hoc analysis of a large randomized trial investigating the cardiovascular-protective efficacy of the anti-IL-1β agent canakinumab identified a marked reduction in incident NSCLC cases and lung cancer--related mortality in patients who received the drug when compared with controls.[@R44] Because blockade of IL-1β in mice resulted in reduced γδT-cell production of IL-17A,[@R8] and patients receiving IL-1β or IL-17A inhibitors on phase III trials had moderate reduction in absolute neutrophil counts,[@R44] the use of anti-IL-1β or IL-17A agents as a therapeutic adjunct in patients with NSCLC is thus an appealing possibility. Phase III trials of canakinumab anti-IL-1β monotherapy in the adjuvant setting for resected NSCLCs (NCT03447769), as well as in conjunction with docetaxel in the setting of metastatic disease (NCT03626545), are ongoing.

In this study, we showed that NSCLCs with a high intratumoral neutrophil burden were characterized by a limited antitumor T-cell response and by diminished expression of genes involved in IFNγ signaling. Considering demonstration of improved effect of cisplatin with direct neutrophil targeting in a murine breast cancer model,[@R46] as well as the dramatic pathologic response rates identified in preliminary reports of neoadjuvant combination cytotoxic therapy (which can have myelosuppressive effects) and immune checkpoint blockade,[@R47] it is plausible that direct suppression of tumor-associated granulopoiesis might contribute to improved ICI therapeutic efficacy. However, it must be noted that neutrophils play critical roles in protection against external pathogens, and direct neutrophil targeting will require careful consideration of potential infectious toxicity. As a consequence, disruption of dysregulated signaling and granulocyte trafficking pathways may be a more appropriate therapeutic strategy than direct neutrophil inhibition. Preclinical evidence supported targeting of *CXCR2*, the ligands of which are critical mediators of neutrophil trafficking,[@R6] as a means of augmenting response to PD-1 blockade in pediatric rhabdomyosarcoma,[@R48] and clinical investigation of a *CXCR1*/*CXCR2* inhibitor in combination with paclitaxel in patients with HER-2^Negative^ breast cancer is underway.[@R49] However, data regarding neutrophil targeting agents in patients with NSCLC are sparse, and we propose that therapies directed at suppressing neutrophil expansion and/or intratumoral trafficking be explored as the use of immunotherapies continues to gain wider clinical relevance.

Although the ICON study provides the benefits of comprehensive immunoprofiling and prospective enrollment of a contemporary NSCLC patient cohort, the present work is limited by the relatively small number of patients who met inclusion criteria and the lack of an external validation cohort. The fact that we did not identify correlations between intratumoral neutrophils and any of the driver mutations may be due to type II error. Comprehensive assessment of the relationships between NSCLC genotypes and neutrophil expansion and intratumoral trafficking requires additional study in larger cohorts. Moreover, given the short follow-up duration and few events at the time of analysis, we were unable to perform robust investigations of the prognostic significance of dysregulated CAF signaling, increased intratumoral neutrophil burden, and impaired T-cell trafficking and function with respect to clinically relevant survival outcomes. However, retrospective analysis of a large institutional cohort of patients with NSCLC who underwent primary resection demonstrated that circulating neutrophil expansion was associated with an increased hazard of death following curative-intent tumor resection, and exploratory stratification of the ICON cohort demonstrated worse postoperative survival outcomes among patients with elevated soluble levels of factors associated with neutrophil expansion. Maturation of outcome data in the ICON cohort will allow for validation of these preliminary findings. In addition, detailed functional characterization of neutrophil activity both in circulation and in tissue requires further study in future NSCLC patient cohorts. Finally, although other investigators have shown alleviation of neutrophil-mediated immunosuppression to result in improved antitumor immunity,[@R43] further studies are needed to examine whether these findings can be used to enhance the clinical efficacy of cytotoxic, targeted, and/or immunotherapeutic agents in the neoadjuvant, adjuvant, and metastatic settings.

In summary, we demonstrate that circulating neutrophil expansion and increased intratumoral neutrophil burden are associated with profound changes in the peripheral and local inflammatory milieu in patients with NSCLC with resectable disease. Although additional studies are needed to validate these findings functionally, our results provide translational evidence that justifies further investigation of agents targeting pathways promoting neutrophil expansion and trafficking as an adjunct to other contemporary therapies in patients with NSCLC.
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